Transcription factor Runx1 (Runt Related Transcription Factor 1), plays an important role in the differentiation of hematopoetic stem cells, angiogenesis and the development of nociceptive neurons. These known functions have in common that they relate to lineage decisions. We thus asked whether such role might also be found for Runx1 in adult hippocampal neurogenesis as a process, in which such decisions have to be regulated lifelong. Runx1 shows a widespread low expression in the adult mouse brain, not particularly prominent in the hippocampus and the resident neural precursor cells. Isoforms 1 and 2 of Runx1 (but not 3 to 5) driven by the proximal promoter were expressed in hippocampal precursor cells ex vivo, albeit again at very low levels, and were markedly increased after stimulation with TGF-β1. Under differentiation conditions (withdrawal of growth factors) Runx1 became down-regulated. Overexpression of Runx1 in vitro reduced proliferation, increased survival of precursor cells by reducing apoptosis, and increased neuronal differentiation, while slightly reducing dendritic morphology and complexity. Transfection with dominant-negative Runx1 in hippocampal precursor cells in vitro did not result in differences in neurogenesis. Hippocampal expression of Runx1 correlated with adult neurogenesis (precursor cell proliferation) across BXD recombinant strains of mice and covarying transcripts enriched in the GO categories "neural precursor cell proliferation" and "neuron differentiation". Runx1 is thus a plausible candidate gene to be involved in regulating initial differentiation-related steps of adult neurogenesis. It seems, however, that the relative contribution of Runx1 to such effect is complementary and will explain only small parts of the cell-autonomous prodifferentiation effect.
Introduction
In a mouse genetic reference in panel adult hippocampal neurogenesis had a hereditability (h 2 ) of 0.70 ± 0.05 but genetic association studies revealed no significant associations with large effect size [1] . The trait is highly polygenic and at the same time strongly and lastingly PLOS ONE | https://doi.org/10.1371/journal.pone.0190789 January 11, 2018 1 / 15 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
regulated by activity and environmental influences [2] . In such situation, analyzing the role of transcription factors, onto which regulatory programs might converge, is a promising strategy to identify the key elements of the complex control mechanisms. Runx1 is an interesting candidate gene for several reasons. Runx (runt-related transcription factor) genes code for transcription factors that are critically involved in the transition between proliferation and differentiation [3] , hence exactly matching the type of factor we were searching. Most of the relevant regulation comes from studies in hematology, where Runx1 mutations are causative for acute lymphatic leukemia (AML), hence the original name of the human gene: AML1. But a broader perspective on Runx genes in stem cell biology had already been developed [4] . A critical role in angiogenesis, for example, has been suggested [5] .
Generally, the family of Runx genes appears to regulate stem cell quiescence, proliferation, and differentiation in a wide variety of cell types. Initial insight came from studies of Caenorhabditis elegans (C. elegans) [6] . A Runx1 ortholog in C. elegans, rnt-1, is predominantly expressed in stem cell-like seam cells. A rnt-1 mutant was found to have impaired asymmetric division in seam cells.
Nevertheless, the participation of Runx1 in stem cell functions has been demonstrated in a wider range of systems. Intracellularly, Runx1 interacts with Smad transcription factors, which in turn are the transducers of transforming growth factor beta (Tgfb), bone morphogenic protein (BMP), and activin signal transduction [7] .
In the nervous system Runx genes have been primarily linked to the peripheral nervous system [8] as well as olfactory bulb neurogenesis [9] and the differentiation of olfactory ensheathing glia [10] . In embryonic olfactory neural progenitor cells and in cortical progenitor cells, which are presumably most relevant to our study, Runx1 was also shown to promote cell proliferation while promoting spontaneous neuronal differentiation [9] . A conflicting role of Runx1 was reported in DRG progenitor cells, where Runx1 was inferred to be inhibitory to cell proliferation [11] and lead to neurite formation [12] . Therefore, it appears that the role of Runx1 in proliferation and differentiation varies depending on cell types. There has been no detailed information, however, on Runx functions in development of the central nervous system and adult neurogenesis in particular, except for the fact that in mice traumatic brain injury induced Tgfb and Runx1 expression in the neurogenic zones of the adult brain [13] . The expression of Runx2 in gliomas [14] and the fact that Runx1 was among the top 30 genes that have a genome-wide dosage effect in Down syndrome [15] might hint at complex functions of Runx genes in oncology and beyond and provide a link to neural stem cell biology.
Based on these data from the literature we hypothesized that Runx1 might be a candidate gene relevant for the switch between proliferation and neuronal differentiation in stem cells from the adult hippocampus as well. We used monolayer cultures from the hippocampus of adult mice [16] to investigate cell-autonomous effects of Runx1 on precursor cell function.
Material and methods

Animals and ethics statement
C57BL6/J mice (Charles River, Sulzfeld, Germany) with an age of 7-9 weeks were used to generate adult hippocampal neural precursor cells (NPCs).
This study was carried out in accordance with the rules of the German law on animal protection (TSchG) and the relevant guideline 2010/63/EU by the European Union.
For the qPCR studies, 10 week old C57BL/6JRj mice (Janvier) were housed singly in standard polycarbonate cages with or without a running wheel (150 mm diameter, TSE Systems, Germany). Hippocampal tissue used here was from the same animals as a previous study [17] . The protocol was approved by the internal Committee on the Ethics of Animal Experiments of 
Isolation and cultivation of adult hippocampal precursor cells
The isolation and cultivation of adult hippocampal NPCs were performed as described previously [16, 18, 19] . Briefly, C57BL6/J mice with an age of 7~9 weeks were killed by cervical dislocation, and their hippocampal tissues were quickly isolated and minced in a petri dish with a scalpel blade. The minced hippocampi from 8~10 brains of C57BL6/J mice with an age of 7~9 weeks were digested in DMEM/F-12 medium containing papain (2.5 U/ml), dispase (1 U/ml), and deoxyribonuclease (250 U/ml) for 30~40 minutes at 37˚C. The digested tissues were washed twice with Hank's buffered saline solution (HBSS), resuspended in phosphate-buffered saline (PBS) containing 22% Percoll, and centrifuged at 450 x g for 15 minutes. The pellet fraction enriched with NPCs was then seeded in a culture plate, which was sequentially pre-coated with poly-D-lysine (PDL, 10 μg/ml) and laminin (5 μg/ml). NPCs were maintained and expanded in Neurobasal A medium supplemented with 2% B27, 1X GlutaMAX, 20 ng/ml human basic fibroblast growth factor (bFGF, PeproTech), and 20 ng/ml epidermal growth factor (EGF, PeproTech). For some experiments, NPCs were treated with TGF-β1 (PeproTech) for the periods indicated in the text and figure.
For induction of differentiation, NPCs were placed in the above medium but containing 10 ng/ml each of bFGF and EGF for 2 days and then maintained for additional 1~5 days in the medium containing 5~10 ng/ml bFGF before analysis.
RNA isolation and RT-(q)PCR
Total RNA was extracted from sub-confluent monolayer culture of NPCs plated in a 6-well plate using the RNeasy Mini kit (Qiagen). The isolated RNA was then reverse-transcribed to cDNA using oligo(dT) primers and SuperScript II Reverse Transcriptase (Invitrogen) and was subjected to either conventional PCR or quantitative PCR (qPCR). PCR SuperMix (Invitrogen) and SYBR green PCR mix (Qiagen) were used to amplify target sequences for conventional and quantitative PCR, respectively. Relative levels of target transcripts were quantified using the relative standard curve method using β-actin as a reference gene. Primer pairs and sequences used in this study are summarized in S1 Table and also illustrated in Fig 1. For the qPCR, cDNA from total mRNA isolated from dissected hippocampus was generated and qPCR performed as above. Primers used were "Runx1-q-all-fwd", "Runx1-q-all-rev", "Actb-fwd" and "Actb-rev" (S1 Table) .
Plasmid generation and nucleofection
DNA sequence encoding isoform b (Runx1b, Uniprot identifier Q01196-1) of human Runx1 was kindly provided by Dr. Carol Stocking (Heinrich-Pette-Institute, Leibniz-Institute for Experimental Virology, Hamburg, Germany) and was subcloned into pCMS-EGFP vector (Clontech). DNA sequence encoding isoform c (Runx1c, Uniprot identifier Q01196-3) of human Runx was obtained from Origene and similarly subcloned into pCMS-EGFP vector. The generated expression plasmids were purified using the EndoFree Plasmid Maxi kit (Qiagen) before being used for nucleofection.
Transfection of NPCs with the Runx1 overexpressing plasmids or pmaxGFP control plasmid (Lonza) was performed using the Amaxa Nucleofector Technology and mouse NSC nucleofector kit (Lonza) according to the manufacturer's instruction. Briefly, 4 x 10 6 NPCs were harvested after accutase treatment, resuspended in 100 μl nucleofector solution containing 7.5μg plasmid, and subjected to nucleofection in a supplied certified cuvette using the 
Western blot
NPCs were lysed directly in a culture plate with RIPA buffer (0.1% SDS, 0.25% sodium deoxycholate, 1% NP-40, 150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl pH 7.5) supplemented with protease inhibitor cocktail (Roche). Protein concentrations of NPC lysates were determined using the Dc Protein Assay kit (Bio-rad). Proteins were separated by SDS-PAGE in 10% polyacrylamide gels and transferred to nitrocellulose membrane. Blotted membrane was blocked with 5% milk and probed with rabbit polyclonal anti-Runx1 antibody (Millipore, #PC284, 1:2000) or mouse anti-GAPDH antibody (Millipore, #MAB374, 1:5000). Horseradish peroxidase (HRP)-conjugated secondary antibodies were then applied and detected with ECL Western Blotting Substrate (Pierce).
Immunocytochemistry
NPCs plated on PDL/laminin-coated coverslips were fixed with ice-cold 4% paraformaldehyde (PFA) for 10 minutes. Cells were blocked for 1 hour in PBS containing 10% donkey serum and 0.2% Triton X-100 and then incubated overnight at 4˚C with one or more of the following primary antibodies: mouse anti-βIII-tubulin (1:2000, Promega, #G7121, Clone Tuj1), mouse anti-MAP2 (1:2000, Sigma-Aldrich, #M1406), rabbit anti-GFP (1:1000, Invitrogen, # A-11122), and rat anti-BrdU (1:500, AbD Serotec, #OBT0030). On the next day, cells were incubated with Cy3-or DyLight488-conjugated secondary antibodies for 2 hours at room temperature. Nuclei were stained with Hoechst or DAPI, and the cells were mounted onto glass slides for microscopic evaluation. For BrdU incorporation assay, NPCs were pretreated with 10 μM BrdU for 2 hours before fixation. Cells were sequentially washed with Tris-buffered saline (TBS) and 0.9% saline and then treated with 1M HCl for 30 minutes before going through the above staining procedures.
Annexin V staining
NPCs transfected with Runx1b, Runx1c, or empty vector (pCMS-EGFP) were incubated with Annexin V-Cy3 (Abcam) for 5 minutes prior to PFA fixation. Cy3 and GFP fluorescence was then detected by fluorescence microscope.
Sholl analysis
NPCs transfected with Runx1b, Runx1c, or empty vector (pCMS-EGFP) were initially cultured in the proliferation medium for 2 days and then for additional 5 days in the differentiation medium containing 5 ng/ml FGF2 but no EGF. The differentiated culture was stained with anti-MAP2 (2a+2b) antibody as described above. The length and complexity of MAP2+ processes in GFP+ cells were evaluated by Sholl Analysis with the application of ImageJ software (NIH) and the plugin developed by the Ghosh Lab (http://labs.biology.ucsd.edu/ghosh/ software); a series of concentric circles spaced at 5 μm intervals were generated around the soma of a MAP2-and GFP-double positive cell, and the number of intersections (Y-axis) between the MAP2+ neurites and a circle placed at a given distance from the soma (X-axis) was counted. Error bars: SEM. n = 227~272 cells/group.
Systems genetics
Genetic and phenotypic data on BXD recombinant inbred strains of mice are publicly available at www.genenetwork.org. Residuals of Ki67-positive cells as measure for precursor cell proliferation in the dentate gyrus have been deposited in the data base as part of our 2006 study on natural variation of adult neurogenesis [1] under trait ID 10795. We used the inbuilt functions of Genenetwork to establish the correlation between phenotypic values for proliferation with data on gene transcription in the hippocampus of the same strains. Hippocampal transcriptomics data for 71 BXD strains (plus other mouse strains) had been generated as part of a consortial effort in 2009 [20] . We used the data set "Hippocampus Consortium M430v2 (Jun06) PDNN for further analysis. The resulting list of 1000 genes whose expression correlated with Runx1 expression was submitted to WebGestalt GSAT (http://www.webgestalt.org) for functional enrichment analysis.
Results
Hippocampal precursor cells express Runx1 isoforms 1 and 2
We have developed a monolayer culture of adult hippocampal NPCs from mice [16, 18] , which maintain the precursor cells as a homogenous population over many passages and, based on the expression of Nestin and Sox2, have a purity of more than 95% [19] . To examine if Runx1 is expressed in cultured hippocampal precursor cells, we performed RT-PCR using cDNA from proliferating cells as a template and observed a clear expression of Runx1 mRNA (Fig 1) . For mouse Runx1 five splice variants are known (Fig 1A) . We designed primer pairs to specifically distinguish their expression and found that isoforms 1 and 2 were expressed, whereas no transcript of isoforms 3 to 5 was detectable. Runx1 has two promoters, the distal P1 and the proximal P2 promoter [21] , and this dual promoter structure has been highly conserved throughout evolution. Using several primer pairs we found that Runx1 expression in the precursor cells exclusively originated from the P2 promoter, which also drives the expression of isoform 1 and 2. The murine isoform 1 corresponds to the human isoforms b (hereafter Runx1b). The murine isoform 5 (which was not expressed in our cells and corresponds to human isoform 1c) lacks the transactivation domain in exon 7. In later experiments we have overexpressed human isoform c (Runx1c) as a putative dominant negative factor regulator of Runx1 effects.
Runx1 is down-regulated with neuronal differentiation and up-regulated by TGF-β1
Upon withdrawal of EGF in the cultures, Runx1 was down-regulated within hours, while marker genes for the neuronal lineage, Neurog2 and Lmo3 were up-regulated (Fig 2) , suggesting that Runx1 is associated with the proliferative precursor cell state. Runx1 is known to be regulated by TGF-β1 [7] . In order to examine the question, whether Runx1 is regulated in the hippocampal precursor cells, cultures under proliferation conditions were treated with 5 or 10 ng/ml of TGF-β1. Under these conditions, we saw a dose-dependent increase in Runx1 expression (Fig 2) . Taken together, these data indicated not only that adult neural stem cell express Runx1, as do stem cells in the other mentioned compartments, but also that this expression is embedded in similar regulatory pathways.
Overexpression of Runx1 increases differentiation and survival, not proliferation
To evaluate the functional role of Runx1 in the cultured precursor cells, we used the Amaxa nucleofection system. We found 60-90% of the cells to be transfected (Fig 3) . We subcloned human Runx1b and human Runx1c, which lacks the C-terminal transactivation domain, into a mammalian expression vector pCMS-EGFP (Clontech), which co-expresses eGFP. After transfection, GFP signal and Western blot confirmed the expression of both isoforms in the precursor cells (Fig 3) .
However, in contrast to data on various hematopoietic cells, we did not observe a pro-proliferative effect of Runx1 in our precursor cells. Nevertheless, overexpression of Runx1b, but not Runx1c, resulted in the generation of more neuronal cells under differentiation conditions (Fig 4) . This result suggests that Runx1 may in fact have a role in promoting NPCs toward the differentiation into neurons.
Overexpression of Runx1 did not affect apoptosis as assessed with the Annexin V assay under proliferation condition but reduced programmed cell death under differentiating conditions (at 3 days after transfection and 1 day after withdrawal of EGF; Fig 4) .
A Sholl analysis in vitro revealed that overexpression of wildtype Runx1 in vitro slightly reduced the number of branch points in the neurites between 20 and 90μm from the soma, whereas the dominant negative isoform increased branches at short distances (5 to 20 μm) from the soma (Fig 5) . The effect was very small, however.
No exercise-induced induction of Runx1 in vivo
After unpublished microarray data had suggested that Runx1 might be up-regulated in the hippocampus after exercise, we performed a qPCR analysis in microdissected samples after 4 days of exercise. This is a duration with a strong effect on adult neurogenesis [17] . For Runx1 expression, the variance was high, and the mean difference was not statistically significant ( Fig  6; Welch t test, t = 0.78, df = 11.53, p-value = 0.45).
A systems genetics perspective on Runx1 in the murine hippocampus
To independently support a potential role of Runx1 in adult hippocampal neurogenesis in vivo we turned to our extensive analysis of adult hippocampal neurogenesis in the BXD panel of recombinant inbred strains of mice [1] . In essence, RI strains are inbred strains derived from brother-sister matings in the F2 generation of an initial cross between two parental strains, in this case C57BL/6J and DBA/2J. In this data set we could show that adult neurogenesis is a highly polygenic trait with small effect sizes in explaining trait variance attributable to many individual genetic loci [1] . We correlated precursor cell proliferation levels in the 24 strains of this data set (Genenetwork ID 10795) with hippocampal transcriptome data obtained in these strains [20] . Runx1 expression ranked 59 th among the genes that correlated with proliferation (r = 0.631; p = 0.00066). When we analyzed the top 1000 genes correlating with Runx1 expression in the entire transcriptomic data set (across 71 BXD strains) with the help of WebGestalt [22] , we found for "biological process" among the 5 GO category at the lowest level "positive regulation of neural precursor cell proliferation" (GO:2000179) and "neuron differentiation" (GO:0030182). Correlating transcripts in these categories included Sox1, Sox5, Hif1a, Ephb2, Smo, Shh, Ngfr, Neurog3, Shank1, Sema6c, Egfr and Igf1. qRT-PCR to characterize a change in Runx1 expression in NPCs upon induction of differentiation. Isolated NPCs were initially expanded and maintained in a culture medium containing EGF and bFGF (10 ng/ml each). Differentiation was induced by removing EGF from the culture medium, and changes in the expression levels of Runx1 (A) as well as Neurog2 (B) and Lmo3 (C), neuronal markers, were evaluated in the lysates collected at different time points after the removal of EGF. The primer pair of mRunx1_5F and mRunx1_6B was used for amplification of Runx1. See S1 Table for 
Discussion
We report here that the known "stem cell" gene Runx1 exerts a pro-neurogenic function in neural precursor cells in vitro, while in vivo data remained inconclusive. Given the interest of our group in activity-dependent regulation of adult neurogenesis, Runx1 had been a plausible candidate for a relevant gene in this context. The human homolog RUNX1 has also been found to be up-regulated by endurance training in skeletal muscle [23] , where it is known that Runx1, together with, for example, MyoD, MuRF1and myostatin controls muscle mass. There were no data on brain as yet. After suggestive pilot data in a micro-array experiment, we could not verify, however, that Runx1 would be up-regulated in the hippocampus after running.
In muscle, Runx1 is also very lowly expressed under physiological conditions but required to maintain muscle mass in the case of denervation [24] , suggesting an involvement in maintenance functions. In many systems, including adult neurogenesis, maintenance is secured by stem cell activity in the system. As exercise not only acutely stimulates precursor cell proliferation but also has more lasting effects on later stages of neurogenesis and the maintenance of the precursor cell pool over prolonged periods of time, this link also justified a hypothesis relating Runx1 to adult hippocampal neurogenesis. Expression of Runx1 in neural precursor cells of the adult brain has been reported after traumatic brain injury. In that context, Runx1 expression was strongest in microglial cells of the neurogenic regions, consistent with the key function of Runx1 in the hematopoetic system and the inducible regulation in adult neurogenesis [13] . A follow-up study by Logan et al. [25] investigated Runx1 in neurosphere cultures from the subventricular zone and reported a role in proliferation and differentiation, but not survival. In contrast, we focused on the hippocampus and used monolayer cultures. We also found an effect on cell survival. The two neurogenic regions are developmentally distinct, produce different types of neurons, are characterized by different sets of transcription factors, and are regulated by different mechanisms (see Table 8 -2 and related text in Ref. [26] , p. 287). Consequently, conclusions cannot be easily translated Runx1 and adult neurogenesis from one regions to the other. In addition, neurospheres and monolayers have different properties. In monolayers, the precursor cells are more isolated and the culture are less heterogeneous.
Runx1 is a transcription factor that is crucial for the differentiation of hematopoietic stem or progenitor cells into specific hematopoietic lineages in adult hematopoesis [27] . Runx1 protein is characterized by the presence of a DNA-binding domain called Runt domain at its Nterminus and a transcription activation domain at its C-terminus [28] . In association with other cofactors, Runx1 is known to bind to a conserved DNA motif at gene regulatory regions and regulate the expression of hematopoesis-associated genes. Nevertheless, is was shown that Runx1 is dispensable for the function of hematopoetic stem cells in the adult [29] . This might be in line with our findings with dominant negative Runx1. Although multiple lines of evidence suggest Runx1 acts as a pro-proliferative factors in hematopoietic stem cells and hair follicle stem cells [4] , a contradicting anti-proliferative and pro-neurogenic role of Runx1 was suggested in developing DRGs [28] . Our finding from the overexpression study is in line with the latter finding, and it could be that Runx1 plays a similar role in developing DRGs and NPCs [29] . It remains to be determined whether no obvious effect of Runx1c in our study was due to its insufficient expression to compete with endogenous mouse Runx1.
The regulatory mechanism of Runx1 expression is still rather poorly understood [30] . The expression of Runx1 is governed by the two distinct promoters; a distal P1 promoter and a proximal P2 promoter [31] . The alternative usage of promoters results in distinct Runx1 transcripts with different 5'-UTR and N-terminus coding sequences, providing a complex regulatory mechanism of Runx1 functions. It remained to be evaluated whether the promoter usage is spatially and temporarily regulated in adult animals and whether physiological or pathological stimulation affects the promoter usage. While specific transcription factors that mediate the transcription of Runx1 have not been characterized, some extrinsic factors were reported to upregulate Runx1. Those factors include TGF-β [32] , Notch1 [33] , and luteinizing hormone [34] .
By and large, our results fit the picture drawn by the literature that depending on lineage, Runx1, can be involved in different regulatory mechanisms at the stem cell level. We can now add adult hippocampal precursor cells to the list of cells responsive to Runx1. But we have also seen that the observed effects are limited and our in vivo data have, despite considerable experimental effort, remained inconclusive.
Within the wider context Runx1 and such genes of low effect size would not be irrelevant and their involvement in the process of interest is indeed substantial but their role is not central and mandatory. Our small systems genetics analysis confirmed that Runx1 expression in the murine hippocampus in vivo correlates with a number of known neurogenesis-related genes, including Shh, Egfr, Neurog3, Igf1 and others.
It might well be that with experimental paradigms such as ours (and a candidate gene like Runx1) we start thus looking at regulatory events at a secondary level. Highly polygenic traits such as adult hippocampal neurogenesis must involve many such relevant genes of very limited effect size [35] .
From a systems biology perspective the existence of such modulators makes perfect sense, but the problem remains how to integrate such knowledge into a bigger picture of how regulation (of adult neurogenesis) occurs. The present study shows that even a detailed analysis of individual candidates with high face value validity reaches a limit. 
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